Yersinia enterocolitica biovar 1A strains have been delineated into two clonal groups (A and B) based on repetitive extragenic palindrome-and enterobacterial repetitive intergenic consensus-PCR genotyping. The present study investigated the interaction of Y. enterocolitica biovar 1A strains with cultured cells in vitro by their ability to adhere, invade and survive within these cells. The response of macrophages to these strains was also studied by quantifying the expression of inducible nitric oxide synthase, production of nitric oxide and cytokines, and activation of NFkB. The survival rate of clonal group B strains inside macrophages was significantly higher than that of clonal group A strains. In addition, strains harbouring the fepA gene showed better survival inside macrophages. However, the production of nitric oxide and cytokines and activation of NFkB did not show any significant differences between the two clonal groups. In this study, interaction of Y. enterocolitica biovar 1A with cultured cells in vitro did not reflect the previously identified clonal groups, but was more dependent on the characteristics of the individual strains. Therefore, a combination of genotype and phenotype data must be used to characterize this extremely heterogeneous organism.
INTRODUCTION
Yersinia enterocolitica is an important food-and waterborne gastrointestinal pathogen. It is known to cause acute gastroenteritis, terminal ileitis and mesenteric lymphadenitis (Bottone, 1999) . This organism is extremely heterogeneous in terms of biovars, serotypes and pathogenic potential. Currently, Y. enterocolitica is represented by six biovars (1A, 1B, 2, 3, 4 and 5) and more than 30 serotypes. Virulence of this organism is attributed to the presence of a 70 kb plasmid for Yersinia virulence (pYV) and many chromosomally encoded virulence factors (Revell & Miller, 2001) . Y. enterocolitica biovar 1A strains are known to lack pYV and are generally regarded as avirulent. However, evidence from several clinical, epidemiological and experimental studies has indicated potential pathogenicity (Tennant et al., 2003) . Some biovar 1A strains are known to produce disease symptoms similar to those produced by pathogenic biovars (Burnens et al., 1996) and have been implicated in nosocomial (Ratnam et al., 1982; McIntyre & Nnochiri, 1986 ) and food-borne (Greenwood & Hooper, 1990 ) disease outbreaks. Biovar 1A strains are also known to invade epithelial cells and show resistance to phagocytosis by macrophages (Grant et al., 1999) .
Previously, we reported that repetitive extragenic palindrome (REP)-and enterobacterial repetitive intergenic consensus (ERIC)-PCR fingerprinting clustered biovar 1A strains into two clonal groups (A and B) (Sachdeva & Virdi, 2004) . The distribution of certain virulence genes, namely those encoding insecticidal toxins (tccC), mucoid Yersinia factor (myfA), subtilisin/kexin-like protease (hreP) and Yersinia stable toxin (ystB), in biovar 1A strains varied between the two clonal groups with higher prevalence in clonal group A strains (Bhagat & Virdi, 2007) . Interestingly, a single gene, fepA, encoding ferric enterochelin receptor, was present in all clonal group B strains and only 50 % of clonal group A strains (Bhagat & Virdi, 2007) . As the underlying details of the host immune response towards such clonal differences among the strains are not known, the aim of this study was to investigate the interaction of Y. enterocolitica biovar 1A strains with epithelial and macrophage cell lines in light of the two clonal groups identified previously. Virdi, 2004). The strains were grown in tryptone soya broth or on tryptone soya agar (TSA) plates (HiMedia, India) at 28 uC.
Human epithelial (HEp-2) and murine macrophage (J774A.1) cell lines were obtained from the National Centre for Cell Science, Pune, India. The cells were maintained in high-glucose Dulbecco's modified eagle medium (DMEM; Gibco) containing 20 mM glutamine (Sigma), 10 mM HEPES (HiMedia, India) and 25 mM sodium bicarbonate (Sigma) supplemented with 10 % fetal calf serum (Gibco). Cultures of J774A.1 and HEp-2 cell lines were grown in 25-225 cm 2 tissue culture flasks (Nunc) at 37 uC in a humidified atmosphere containing 5 % CO 2 .
Adhesion and invasion assay. Adhesion and invasion assays were performed with cultured HEp-2 cells using Y. enterocolitica biovar 1A strains belonging to the two clonal groups (Sachdeva & Virdi, 2004) . The assays were carried out as described previously (McNally et al., 2007) . Briefly, the bacteria were added, in duplicate, to a 24-well culture plate (Nunc) pre-seeded with HEp-2 cells at an m.o.i. of 50 and incubated for 3 h. The cells were washed three times with PBS, and fresh supplemented DMEM containing 100 mg gentamicin ml
21
(Sigma-Aldrich) was added to each well. Cells were further incubated for 1 h, washed with PBS and lysed with 0.1 % Triton X-100 (Sigma). The lysate was diluted, plated onto TSA plates in duplicate and incubated overnight. Colonies were counted to obtain the total number of bacteria per millilitre that had invaded the cells. In a parallel series of wells, the cells were washed and lysed after the initial 3 h infection period to ascertain the total number of adherent bacteria per millilitre. Percentage adhesion or invasion was defined as the number of bacteria recovered from each well divided by the total number of bacteria initially added to the well.
Survival assay. To check the persistence of Y. enterocolitica inside macrophages post-phagocytosis, cultured macrophages were infected with Y. enterocolitica as described previously (McNally et al., 2007) . Briefly, after 1 h of co-incubation at 37 uC, the cells were washed to remove any extracellular bacteria. Fresh supplemented DMEM containing 100 mg gentamicin ml 21 was added to each well followed by a further 5 h incubation. The cells were washed three times with PBS and lysed with 0.1 % Triton X-100 solution. Dilutions of the lysate were plated onto TSA plates in duplicate and incubated overnight. Colonies were counted to obtain the total number of bacteria per millilitre that survived inside the macrophages (T55). In a parallel series of wells, cells were lysed 15 min after the initial addition of gentamicin and plated in order to ascertain the number of bacteria internalized or phagocytosed by macrophages within 1 h (T50).
Nitric oxide estimation and quantitative real-time (qRT)-PCR.
To determine the ability of Y. enterocolitica strains to activate macrophages, production of nitric oxide was measured by colorimetric assay using Griess reagent (Griess, 1879) . Briefly, macrophages were infected by Y. enterocolitica as in the survival assay. The culture supernatant was collected after 5 h and centrifuged at 12 000 g for 5 min. A total of 100 ml clear supernatant was mixed with an equal volume of Griess reagent in an ELISA plate and incubated in the dark at room temperature for 10 min. Absorbance was recorded at 548 nm with a microplate reader (SpectraMax M2; Molecular Devices). Nitrite concentration was calculated using a standard curve prepared with sodium nitrite (1-100 mM).
RNA was extracted from the infected macrophages using the RNeasy Plus kit (Qiagen) according to the manufacturer's instructions. A total of 1 mg total RNA was used for single-strand cDNA synthesis, in duplicate, using the iScript cDNA Synthesis kit (Bio-Rad). RT-PCR amplifications were performed using Maxima SYBR Green qPCR Master Mix (Fermentas) with an ABI 7900HT Fast System (Applied Biosystems). The sequences of iNOS primers were forward 59-CCCTTCCGAAGTTTCTGGCAGC-39 and reverse 59-GGCTGTCA-GAGCCTCGTGGCTT-39. Glyceraldehyde 3-phosphate dehydrogenase was used as endogenous control, which was amplified using forward primer 59-CAAGGTCATCCATGACAACTTTG-39 and reverse 59-GTCCACCACCCTGTTGCTGTAG-39. PCR amplification was carried out at 95 uC for 10 min, followed by 40 cycles of 95 uC for 15 s and 60 uC for 60 s to generate a 497 bp amplicon. cDNA generated from macrophages infected with standard pathogenic Y. enterocolitica strain 8081 was used as the calibrator. Data are expressed as fold increase in expression relative to the calibrator.
Cytokine production by macrophages. Cultured macrophages were challenged with Y. enterocolitica, as in the nitric oxide assay. Culture supernatant was taken from each well after 5 h and centrifuged at 12 000 g for 5 min to remove bacteria and cell debris. A total of 500 ml clear supernatant was collected and stored at 280 uC until further use. Cytometric bead array analysis [mouse inflammation arrays (BD Biosciences) specific for IL-6, IL-10, IL-12p70, TNF-a, IFN-c and monocyte chemoattractant protein (MCP)-1] was performed for the culture supernatants according to the manufacturer's instructions. The assays were performed in duplicate on a FACSCaliber flow cytometer (BD Biosciences) and the results were analysed using FCAP Array 1.0 (BD Biosciences). Culture supernatants from non-infected macrophages were used as cell controls.
NFkB activation. Macrophages were challenged, in duplicate, with Y. enterocolitica for 5 h. Nuclear proteins were extracted from the macrophages using NE-PER nuclear and cytoplasmic extraction reagents (Pierce, Thermo Scientific) according to the manufacturer's instructions. Quantification of active NFkB was performed using an NFkB p65 transcription factor assay kit (Pierce, Thermo Scientific).
Luminescence was recorded at 425 nm on a microplate reader (SpectraMax M2). Nuclear proteins extracted from uninfected macrophages were used as cell controls.
Statistical analysis. Statistical significance was calculated using a Student unpaired t-test with GraphPad. A critical P value of ,0.05 was considered significant.
RESULTS

Adhesion and invasion of epithelial cells by Y. enterocolitica
The strains belonging to the two clonal groups (A and B) adhered to epithelial cells in high numbers, as indicated by 1-15 % of the added bacteria adhering to HEp-2 cells. However, invasion of epithelial cells by biovar 1A strains was low (10 2 -10 3 c.f.u. ml
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). The percentage adhesion and invasion of clonal group A and B strains is presented in Fig. 1 . Statistically, no significant difference (P.0.05) was observed in the adhesion and invasion of epithelial cells by strains belonging to the two clonal groups. Strains belonging to other biovars adhered to HEp-2 cells in similar numbers as biovar 1A strains, but invasion (10 4 -10 5 c.f.u. ml
) was significantly higher (P,0.05).
Survival within macrophages
The ability of strains of the two clonal groups to survive inside macrophages was assessed by survival assays with cultured macrophages. In many biovar 1A strains, more bacteria were recovered after 6 h than after 1 h. The initial uptake of clonal group B strains, as well as their survival inside macrophages, was significantly higher than that of clonal group A strains (Fig. 2a) . Compared to biovar 1A strains, which showed an average recovery of 3610 5 c.f.u. ml 21 from macrophages, fewer bacteria (,2610 5 c.f.u. ml 21 ) belonging to biovars 1B, 2 and 4 were recovered at 6 h post-challenge (Fig. 2a) .
Further analysis of the survival of biovar 1A strains within macrophages with respect to genes carried by these strains revealed a significantly higher rate of survival (P,0.05) of strains carrying the fepA gene compared with those lacking the fepA gene (Fig. 2b) .
Production of nitric oxide and qRT-PCR
Infection with biovar 1A strains led to increased expression of iNOS and production of nitric oxide by macrophages. However, no significant difference (P.0.05) in the production of nitric oxide by macrophages was observed between strains belonging to two clonal groups (Fig. 3a) . Compared with other biovars, the production of nitric oxide in response to biovar 1A strains was highly significant (P,0.05) (Fig. 3a) .
Relative expression of iNOS by macrophages in response to Y. enterocolitica strains was calculated in comparison with that of a standard pathogenic Y. enterocolitica strain 8081, taking the latter as the calibrator. No significant difference in the expression of iNOS between the two clonal groups was observed (Fig. 3b) . The strains belonging to other biovars (1B, 2 and 4), however, significantly suppressed expression of iNOS.
Cytokine production
No significant difference was observed in the production of different cytokines, namely IL-6, MCP-1 and TNF-a, by macrophages in response to infection by Y. enterocolitica biovar 1A strains belonging to two clonal groups (Fig. 4) . Y. enterocolitica strain 8081, however, significantly suppressed the production of all cytokines by the infected macrophages. There were no variations in the production of IFN-c, IL-10 and IL-12 in response to different strains.
NFkB activation
No significant difference (P.0.05) was observed in the activation of NFkB by strains belonging to the two clonal groups. However, the activation of NFkB in macrophages infected with biovars other than biovar 1A was drastically reduced and the difference was highly significant (P,0.05) (Fig. 5) . It was also observed that one of the strains, namely IP27406 (bioserotype 1A/O:6,30), showed suppression of most of the parameters of immune response studied, such as production of IL-6, TNF-a, iNOS and NFkB, when compared with the mean response to other biovar 1A strains (Fig. 6 ).
DISCUSSION
The aim of the present study was to examine the interaction of Y. enterocolitica biovar 1A strains with cultured cells in vitro, in light of the two clonal groups identified previously. These strains were delineated into two clonal groups (A and B) by REP-and ERIC-PCR-based genotyping (Sachdeva & Virdi, 2004) . The existence of the two clonal groups among the biovar 1A strains has been further reiterated by ribotyping and gyrB gene typing (Gulati & Virdi, 2007) , multilocus variable number tandem repeat analysis (Gulati et al., 2009 ) and multilocus enzyme electrophoresis (Mallik & Virdi, 2010) . Because all of these studies used genomic areas that were either non-coding or related to housekeeping, no information could be gleaned about differences in the pathogenicity or other functional characteristics of the two clonal groups. Therefore, the present study was carried out to investigate whether the genotypic differences among the biovar 1A strains translated into phenotypic traits, such as interactions with cultured cells in vitro.
In the present study, biovar 1A strains were observed to adhere and invade HEp-2 in vitro, but there were no significant differences between strains belonging to the two clonal groups (A and B) . Because the myfA gene has been detected in a large number of clonal group A strains (Bhagat & Virdi, 2007) , the present study indicates that this gene might not contribute to the adhesion of biovar 1A strains to epithelial cells. Invasion by biovar 1A strains was low compared with that of strains belonging to other biovars (1B, 2 and 4). These results are consistent with those reported by Grant et al. (1999) . This might be attributed to the absence of YadA (Yersinia adhesin) and Ail (adhesion and invasion locus), which are known to aid the organism in adhesion and invasion to the host cells (Bliska & Falkow, 1992; El Tahir & Skurnik, 2001; Bhagat & Virdi, 2007) , in biovar 1A strains.
Biovar 1A strains were phagocytosed by macrophages in significantly larger numbers than strains of other biovars. Interestingly, many biovar 1A strains survived and even replicated inside the macrophages. By persisting inside macrophages, biovar 1A strains might be able to evade killing by polymorphonuclear neutrophils and the complement system, as this organism is not well equipped to survive extracellularly (Grant et al., 1998 (Grant et al., , 1999 . Although these results are similar to those observed by other investigators (McNally et al., 2006) , the increase in the number of bacteria inside macrophages was contrary to that observed by Grant et al. (1999) . This may be because of differences in the serotypes of the strains, as well as in the macrophage cell lines, used in the two studies. The survival of clonal group B strains inside macrophages was significantly higher than that of clonal group A strains. In this regard, the role of putative virulence factors such as urease (Bhagat & Virdi, 2009 ) and superoxide dismutase (Roggenkamp et al., 1997) , which have been previously implicated in the intraphagocytic survival of Y. enterocolitica, needs to be investigated.
In the present study, we observed that the presence of the fepA gene (Bhagat & Virdi, 2007) correlated with increased intraphagocytic survival of Y. enterocolitica biovar 1A strains. This gene encodes a ferric enterochelin receptor for the uptake of ferric enterochelin siderophore complex (Schubert et al., 1999) , indicating an ability of Y. enterocolitica biovar 1A strains to survive under the ironlimited conditions encountered in the host. The prevalence of fepA in all clonal group B strains (Bhagat & Virdi, 2007) might explain the relatively better survival of these strains in macrophages. Although the fepA gene has been implicated in the increased pathogenicity of this organism in patients with iron overload (Robins-Browne & Prpic, 1985) , its exact role in intraphagocytic survival requires further investigation.
The response of macrophages to strains of Y. enterocolitica was investigated by measuring the expression of iNOS, production of nitric oxide and cytokines, and activation of NFkB. The observation that expression or production of these factors by macrophages was not significantly different between clonal group A and clonal group B strains indicates that these responses are independent of the presence or absence of virulence-related factors such as hreP, tccC and ystB in Y. enterocolitica biovar 1A (Bhagat & Virdi, 2007) . Activation of NFkB by biovar 1A strains correlated with increased iNOS expression and nitric oxide production by macrophages, as NFkB is known to induce iNOS (Xie et al., 1994) . Ruckdeschel et al. (1998) previously reported that NFkB was activated in macrophages when challenged with plasmid-cured strains of Y. enterocolitica, whereas a plasmid-harbouring strain (bioserotype 1B/O:8) suppressed the activation of NFkB. In the present study, strains belonging to biovars 1B, 2 and 4, which are known to carry pYV, suppressed the activation of NFkB compared with pYV-negative biovar 1A strains, and the difference was highly significant (P,0.01). Production of cytokines IL-6, MCP-1 and TNF-a by biovar 1A strains was also significantly higher than that of other biovar strains (1B, 2 and 4). These results are consistent with previous reports (McNally et al., 2006) . Similarly, a study of Yersinia derivatives by Carlos et al. (2004) showed an LPS-mediated increase in nitric oxide and TNF-a expression by macrophages. TNF-a increases are known to cause migration of macrophages to the site of infection, and it has previously been suggested that Y. enterocolitica might sequester itself in macrophages to evade serummediated killing (Une, 1977) .
The present investigation revealed yet another significant observation: contrary to most biovar 1A strains, one strain of clinical origin (IP27406 bioserotype 1A/O:6,30) suppressed most macrophage immune responses, including iNOS expression, cytokine production and NFkB activation in addition to surviving inside the cultured macrophages. This observation highlights the phenotypic heterogeneity of Y. enterocolitica biovar 1A strains, in contrast to their relatively limited genotypic heterogeneity. This problem is further compounded by the fact that biovar 1A strains are isolated from a variety of clinical and non-clinical sources. Further studies are therefore needed to ascertain the true pathogenic potential of biovar 1A strains. In this regard, future studies should focus on the role of urease, superoxide dismutase and the ferric enterochelin receptor in the intraphagocytic survival of Y. enterocolitica biovar 1A strains as potential reasons for the large variations in macrophage responses to individual biovar 1A strains.
In conclusion, the genotypic differentiation of Y. enterocolitica biovar 1A strains into two clonal groups was not reflected unequivocally in their interaction with cultured cells in vitro, except for survival inside macrophages. In this regard, the role of fepA in intraphagocytic survival needs further investigation. This study revealed that the response of macrophages to biovar 1A strains seemed elevated in terms of cytokine production, iNOS expression and NFkB activation, as compared with the response to biovar 1B, 2 and 4 strains. This study also illustrates that the immune response to Y. enterocolitica biovar 1A strains may not be dependent on bioserotype or genotype alone; rather, a combination of the two may play an important role in the overall microbe-host interaction.
